Mixed dispersal strategies are a form of bet hedging in which a species or population utilizes different dispersal strategies dependent upon biotic or abiotic conditions. Here we provide an example of a mixed dispersal strategy in the Aedes albopictus / Ascogregarina taiwanensis host/parasite system, wherein upon host emergence, the gregarine parasite is either carried with an adult mosquito leaving the larval habitat, or released back into the larval habitat. We show that the parasite invests a larger proportion of its dispersing (oocyst) life stage into adult female mosquitoes as opposed to adult male mosquitoes at low parasite exposure levels. However, as the exposure level of parasite increases, so does the parasite investment in adult males, whereas there is no change in the proportion of oocysts in the adult female, regardless of dose. Thus, A. taiwanensis is utilizing several dispersal strategies, depending upon host sex and intraspecific density. Furthermore, we demonstrate that this parasite reduces body size, increases time to emergence in females, and leads to a reduction in estimates of per capita growth rate of the host.
Introduction
Mixed dispersal strategies are a form of bet hedging in which a species or population utilizes different dispersal strategies dependent upon biotic or abiotic conditions. Dispersal strategies are recognized both theoretically and empirically as consequentially reducing negative interactions between and among species [1] [2] [3] and reducing risk due to spatial or temporal stochasticity in variable environments [4] . However, dispersal carries with it an inherit risk, as there is no guarantee of finding a suitable habitat for dispersing individuals. Mixed dispersal strategies can help alleviate the risk, such as in Gerris water striders where winged morphs may disperse in the event of habitat desiccation but have lower fecundity compared to wingless individuals of the same populations [5] [6] [7] [8] [9] . Mixed dispersal strategies may also alleviate the effects of density, as in the case of wing-dimorphic plant hoppers (Homoptera: Delphacidae). Winged PLOS ONE | https://doi.org/10.1371/journal.pone.0184573 September 13, 2017 1 / 14 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
dosage of parasites can lead to elevated mortality rates and developmental delay in aquatic stages of the mosquito and reduced body size in adults [35] [36] [37] . Density-dependent shifts in dispersal strategy by a parasite may be a result of crowding within hosts which could be detectable by a decrease in the per-capita rate of change of the parasite. Further, distinct dispersal strategies for males and females within mosquito host/parasite systems may be the outcome of selection on the parasite to avoid adult males, or, it is possible that these distinct dispersal strategies are instead a result of components of male life history traits. Males develop faster and have smaller body size relative to females, and it is possible that these features create a mechanical dispersal limitation for the parasite. If so, parasite loading in adult mosquitoes would vary based on body size or time to emergence, regardless of sex.
Here we consider whether mixed dispersal strategies are present in A. taiwanensis, and whether they might result from components of individual host fitness, such as body size and time to emergence, or from sex of the mosquito host. Our hypothesis is that A. taiwanensis employs a mixed dispersal strategy, varying with host sex, and that this mixed dispersal strategy will vary with parasite dosage. Despite the wealth of studies on the effect of A. taiwanensis in its host, virtually all such research between host and parasite has focused on the parasite's effect on the host, and has not considered aspects of parasite life cycle completion. We vary the density of parasites within a host by applying several different dosages of parasites, and we examine components of parasite and host life history to generate fitness proxies for both host and parasite. Under the hypothesis that A. taiwanensis is a parasite and that it will exhibit effects of density dependence, we expect to see fitness consequences on its host that will be detectable via declines in fitness proxies and survival as dosage increases, and a concomitant decline in the parasite growth rate as dosage increases. Through these estimates, we can evaluate both the fitness consequence of the parasite on its host, as well as the success of the parasite under increasing parasite density, while simultaneously testing for multiple dispersal strategies.
Methods

Collection and culturing of Aedes albopictus and Ascogregarina taiwanensis
We established a colony of Aedes albopictus from field-collected ovitrap substrates provided by the Bermuda Ministry of Health. Prior to hatching, we rinsed egg slats with distilled water, as field populations of Ae. albopictus in Bermuda are infected with A. taiwanensis. We hatched egg slats in 1g/L of nutrient broth (Difco Labs), removed first instar larvae after 24 h and reared them on powdered yeast. Emerged adults were placed in cages with oviposition containers and sugar wicks with 10% sucrose solution and offered a blood meal via a Hemotek membrane feeding system (Blackburn, UK) containing sheep blood once every two weeks. We maintained this colony in an insectary at 24C and 80% RH, with 16:8 (L:D) h.
We collected A. taiwanensis in Bermuda under the supervision of the Department of Vector Control, Bermuda Ministry of Health, as reported in Erthal et al. [28] ; no permits were required for this species, as this parasite is not a protected species and collections took place under supervision of Vector Control personnel. We held pupae in a vial, causing adult mosquitoes to emerge and die. We then returned the resulting homogenate to the United States. We had previously confirmed that the Ascogregarina parasite in Bermuda was A. taiwanensis [28] . We passed the parasite through three generations of Ae. albopictus hosts from Bermuda prior to this study, amplifying the parasite by collecting parasite material from dead host homogenate. Following death of all adults, we filtered the oocysts with a nylon coffee filter to remove large mosquito parts, then determined the concentration of oocysts using a hemocytometer.
Experimental design
To mimic low host density, high-resource conditions, we established microcosms that contained 50 ml of dechlorinated H 2 0, 15 Ae. albopictus larvae, and one of four parasite levels: 0, 100 oocysts/ml, 1,000 oocysts/ml, or 10,000 oocysts/ml. We replicated each parasite exposure level six times, and stored the microcosms in our insectary. We fed microcosms with 0.05g of powdered brewer's yeast every 2 d. Each microcosm was checked daily and any pupae were individually rinsed and transferred into a 1.5 ml centrifuge tube containing 500 μl of dechlorinated H 2 0. Upon emergence, adults were transferred into a separate centrifuge tube. We measured the left wing from each adult and recorded wing length and date of emergence.
Per capita growth rate of the host. We used wing lengths and emergence dates of mosquitoes to estimate the per capita rate of change, r', for each microcosm replicate following Livdahl and Sugihara [38] :
where N 0 is the initial number of females in the replicate (assumed to be 50% of the cohort), A x is the number of females emerging on day x, f(W x ) is the linear regression that estimates the number of eggs produced by a female on day x with wing length W, and D is the number of days from eclosion to oviposition. We assumed D to be 14 days [39] . For f(W x ), we used the previously published wing length regression for Ae. albopictus from Lounibos et al. (r 2 = 0.713,
Per capita growth rate of the parasite. For half of the replicates per dosage treatment, chosen at random, we also quantified parasite success. Following wing measurements, the adult was homogenized in 500 μl of H 2 0 using a hand pestle. We quantified oocysts released during emergence in pupal exuviae as well as homogenized adult tissues using a hemocytometer, and used these counts to estimate the per capita growth rate of the parasite at different dosages. Because the generation time of this parasite corresponds closely with the generation time of its host, this parasite does not fit into traditional microparasitic modeling and thus we chose to take generation time into account:
Assuming that oocysts in the adult mosquito and pupal exuviae (= Oocysts t ) scales linearly with oocyst production per host generation, and that the number of oocysts consumed by mosquitoes in the replicate (= Oocysts e ) can be measured by subtracting the number of oocysts in the microcosm originally from the number remaining, r p should approximate the parasite's per capita growth rate. On the other hand, it is possible that oocysts remaining in the adult male will have no opportunity for reproduction, as adult male mosquitoes are not thought to return to larval habitats. In this case, an estimate of r for the parasite that includes oocysts leaving the larval habitat in adult males may be biased; thus, we also consider a version of r p , r m , wherein the oocysts in the adult male are excluded from the summed total of oocysts in the adult mosquito and pupal exuviae (= Oocyst t ).
We assessed the remaining oocysts in the microcosm by taking one ml samples from each replicate. We then centrifuged all water samples at 15,000g for 5 minutes. Following this, we removed the top 900 μl of water, then vortexed the remaining 100 μl to mix. We then quantified any remaining oocysts with a hemocytometer, and then extracted DNA from each tube. We also attempted to amplify any parasite DNA within each tube [28] . Because we attempted to assess the remaining oocysts in each microcosm and found that we could detect none remaining through visually checking of samples with a hemocytometer or through extracting DNA and amplifying any parasite DNA following Erthal et al. [28] , we assumed that all oocysts in the microcosm had been consumed by the hosts, and treated Oocysts e as equal to the starting density of oocysts.
Statistical analyses. All statistical analyses were performed in R version 3.2 [41] . For all microcosms, we used ANOVA to explore the effect of our explanatory variable, parasite dosage, on response variables of per capita rate of increase for host and parasite (r' for the host, r p and r m for the parasite), survival for both sexes, sex ratio of surviving mosquitoes, mean wing length, and mean time to emergence. We used the R function Anova from the R package car for summarizing model effects [42] . We tested model residuals using the ShapiroWilk test and the R function shapiro.test, while we tested assumptions of homogeneity of variances using Levene's Test [42] . If a model violated any assumptions, we used a randomization ANOVA following Mitchell and Bergmann in which a null distribution is generated via randomization [43] . For ANOVA models that had significant or nearly significant effects or effects, we calculated effect sizes using partial η 2 in the lsr package [44] , and examined pairwise differences between factor levels using Tukey's Honestly Significant Differences as implemented in the TukeyHSD function from the base R stats package [40] .
To assess parasite success within individual male and female mosquitoes, we used ANCOVA with the response variables of total oocysts (combining the oocysts in the pupal exuviae with those from the adult-Oocysts t , above) or percent of oocysts in the adult (out of total oocysts counted) and explanatory variables of sex and parasite dosage, with a covariate of wing length and time to emergence, and a random effect for the microcosm from which the individual emerged. For random effects models, we used the lmer function from the package lme4 [45] . We evaluated assumptions as above, and we used the same randomization ANOVA technique as above in the event of assumption violations. We used the lsmeans package [46] to evaluate significant differences between pairs of factors while accounting for both covariates and the random effect.
Results
ANOVA/ANCOVA model assumptions
Our ANOVA and ANCOVA models met assumptions of normality and homogeneity of variances (P values > 0.05), save for three. Our ANCOVA model of total oocysts in the mosquito and the explanatory variables of sex and parasite dosage rejected homogeneity of variances, while our ANOVA models for response variables of wing length and time to emergence both rejected normality of residuals (P<0.01 in all cases). For these models, we used a randomization ANOVA to evaluate significant effects.
Parasite effects on the host
We found that parasite exposure significantly decreased both survival (Fig 1A; F 3,8 = 9 .64, P<0.01; Tables A & D in S1 File) and host per capita rate of increase (Fig 1B; F 3,8 = 9 .07, P<0.01; Tables A & E in S1 File) in microcosms, and although this effect was only significant at high dosages (Fig 1) , there was a large effect size associated with parasite dosage (Table 1; partial η 2 for proportion surviving: 0.78; partial η 2 for r':0.73). We found no effect of dosage on mean sex ratio of host ( Table 2 ).
Parasite success in microcosms
An increase in parasite dosage was related to an increase in the number of oocysts produced by hosts in microcosms (F 2,103 = 290.16, P<0.01), regardless of host sex, wing length, or time to emergence of the adult (Fig 3, Table C in S1 File). Both our estimates of parasite per capita growth declined with parasite dosages above 100/ml (Table 1) , although neither growth rate differed at the higher parasite doses of 1000/ml or 10,000/ml (Fig 4) . Neither parasite growth rate suggested a significantly different relationship with parasite dosage. As expected, our parasite growth rate excluding adult male oocysts (r m ) suggested a lower overall growth rate compared with r p , although only at the highest dosage did the confidence intervals for the two measures fail to overlap. We found a significant interaction in the proportion of oocysts in the adult between male and female mosquitoes (Fig 5; χ 2 2 = 11.39, P < 0.01); as the dosage of parasites increased, a greater proportion of parasites was found in the adult male relative to males at lower dosages, while the proportion of parasites found in the adult female did not differ across doses (Table 3, Table F in S1 File). Furthermore, neither wing length nor time to emergence was related to the proportion of oocysts remaining in the adult (Table 3 ; S1 and S2 Figs). 
Discussion
These results support our hypothesis that A. taiwanensis uses different dispersal strategies based on host sex. Moreover, in male mosquitoes, dispersal method depends upon parasite exposure levels, with higher parasite exposure levels corresponding to an increase in parasite investment in the adult male. Thus, A. tawianensis appears to exhibit a mixture of dispersal strategies due both to "environment" (that is, host sex) and density of conspecifics (that is, dosage of parasite). For the most part, our results are consistent with those of Fellous and Koella [15] , in that we see a mixed dispersal strategy that varied between males and females. However, we observed a response to density only in parasites infecting male mosquitoes, whereas Fellous and Koella [15] saw a density effect of A. culicis infecting both male and female Ae. aegypti. This could be due to differences in experimental design, as our two highest doses were beyond those used by Fellous and Koella, or it could be due to differences between A. taiwanensis and A. culicis in how they respond to intraspecific density, as well as to intrinsic differences between the hosts, Ae. aegypti and Ae. albopictus.
As there was no relationship between the body size or time to emergence of mosquitoes and the proportion of oocysts remaining in the adult following emergence, we reject the hypothesis that the faster male development or the smaller body size of males are somehow responsible for a different dispersal method of the parasite in male mosquitoes compared to female mosquitoes. If the mixed dispersal methods we observed in A. taiwanensis within Ae. albopictus are instead a result of adaptation to its native host, as was proposed in Fellous and Koella [15] , then we might expect that this phenomenon would be absent in non-native hosts. In a previous study, in which we found life cycle completion of A. taiwanensis in a non-native host (Aedes japonicus), we found no difference in presence or absence of oocysts between pupal exuviae and adult homogenate based on sex [28] . Moreover, Tseng [47] demonstrated that A. taiwanensis produces fewer oocysts when infecting F2 hybrid populations of Ae. albopictus than either parental strain, suggesting some degree of adaptation within populations of coevolving Ae. albopictus and A. taiwanensis. These results, combined with previous work in Ascogregarina, and our present failure to detect an effect of male size or time to emergence of mosquitoes on the percentage of oocysts in the adult, suggest an adaptation to female hosts, as opposed to physical limitations. However, as adult males do not return to larval habitats, what adaptive value a density response in males might hold is unknown.
In response to increasing density of parasites, we saw a steep decline in both measures of parasite growth rate at parasite doses above 100/ml. Thus, we provide the first evidence of a response to intraspecific density in A. taiwanensis. This response may be classical density dependence due to resource limitation, or it could result from activating the mosquito immune system; regardless of the exact mechanism, it is evidence that Ascogregarina parasites within Aedes mosquitoes have reduced growth in hosts that are heavily parasitized, even under optimal food conditions. This decline was paired with a simultaneous increase in the proportion of oocysts allocated to the adult male, consistent with the hypothesis that this parasite would shift dispersal methods in a density-dependent manner, yet the total number of oocysts in males and females did not differ between dosages. Our observation that this shift in dispersal occurred only in male mosquitoes may be due to our choice of oocyst dosages, which may have been high enough to have already induced dispersal in parasites infecting female mosquitoes. It is largely unknown what a natural dosage of this parasite might be. Natural exposure to oocysts can likely be quite high; each oocyst will release eight sporozoites, and late instar larvae have been reported to contain hundreds to more than two thousand trophozoites in field collections [29] , but direct comparisons from such field observations would fail to account for mosquito immune system and likely undervalue initial exposure. Moreover, Ascogregarina prevalence in Aedes mosquitoes varies seasonally [36] and thus we would expect oocyst exposure levels to vary as well; in our own observations, we have found several treehole habitats to contain oocyst densities similar to our two lowest parasite dosages, with oocyst values below 100/ml early in the season and in large containers, while oocyst values were between 500 and 1000/ml later in the season (unpublished data). Thus, it is possible that our highest dosage of oocysts is beyond realistic field conditions; however, even an unrealistic density of oocysts can provide insight into density and crowding in this host/parasite system. Our study provides substantial support that A. taiwanensis is a parasite, even under the low levels of intraspecific larval competition with high resource availability. We found a significant decline in average wing size for infected mosquitoes, both male and female. Further, we found a significant effect of the parasite on mortality and our proxy of per capita growth rate, r'. It is likely that our r' estimates are a lower bound on the effect of the parasite; Comiskey et al. [36] found that fecundity in Ae. albopictus declined due to exposure to A. taiwanensis. Consistent with our study, they also found a reduction in wing size, but did not determine to what degree the decrease in fecundity was due to the body size reduction they observed. However, the relative reduction in fecundity of infected mosquitoes compared to controls was greater than the relative loss of body size, and as such, it is likely that A. taiwanensis would further reduce the fitness of its hosts beyond what we have demonstrated.
While previous studies demonstrate that host environment can alter host responses to parasitism in a sex-specific manner [37, 48] , we show here that a parasite can alter its response to its environment in a manner that is specific to host sex. While it may seem counteradaptive for a parasite at high densities to favor adult male mosquito hosts, it is possible the parasite alters male behavior in ways not yet described, and as such the effect of the parasite on adults should be further studied. As our study focused exclusively on the consequences of parasite infection during the larval and pupal stage, future studies could incorporate parameters related to adult longevity or dispersal, along with assessing whether the parasite has any effect on male mosquitoes that has not yet been described, such as suicidal drowning or post-emergence mortality within the larval habitat. 
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